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INTRODUCTION:

Ricin toxin is an extremely toxic polypeptide found in castor beans (Ricinis communis) (1). Ricin is a
heterodimer comprised of a catalytically active polypeptide (A chain or RTA) covalently linked by a disulfide
bond to a lectin binding B subunit (RTB). Galactose-specific lectin binding domain of the B chain enables ricin
toxin to interact with cell surface glycolipids and glycoproteins (2). This allows the A-B hetero-dimer to enter the
cell via endocytosis and be transported to the endoplasmic reticulum (ER) lumen. While in the ER, the ricin A
chain co-opts ER quality control to gain access to the cytosol by a process referred to as dislocation or
retrograde translocation (3). Once in the cytosol, the A chain inactivates the ribosome, halting protein synthesis
that eventually leads to cell death. The A chain gains access to the

Ricin is a member of the A-B family of toxins (e.g. shiga, cholera, pseudomonas exotoxin A, or
pertussis toxin) that is transported from the cell surface to the ER lumen and ultimately into the cytosol (4). ER
quality control normally scrutinizes nascent polypeptides and disposes of misfolded proteins by proteasome
destruction (5). Upon arrival of the ricin toxin in the ER, the ER chaperones protein disulfide-isomerase (PDI)
and calreticulin are proposed to play a role in ricin transport across the ER membrane. PDI likely reduces the
disulfide bond that covalently links the A-B chains causing release of the active A-chain (6, 7), while calreticulin
activity would assist the structural changes of the toxin prior to its dislocation (8). Moreover, the ER
degradation enhancing a-mannosidase |-like protein involved in degradation of misfolded ER proteins (9) also
plays a role in ricin dislocation from the ER to the cytosol (10). Subsequently, the toxin may be extracted
through the membrane via the Sec61 translocon (77). In addition, Hsc70 cytosolic chaperone machinery
protects ricin A chain from the Hsp90 assisted cytosolic degradation (72). Collectively, these findings
demonstrate that ricin utilizes multiple cellular factors for its transport across the ER bilayer. Despite these
findings, the molecular mechanism of ricin dislocation has yet to be fully defined.

The potency of ricin to inactivate 2,000 ribosomes/minute precludes the need for a large number of
molecules to reach the cytoplasm (713, 714). Even though the enzymatic properties of ricin have been delineated
in detail, the actual export of the ricin A chain across the ER membrane and into the cytosol is only currently
being characterized (15). Hence, the current project aims to identify inhibitors that block the critical step of ricin
transport into the cytosol.

BODY:
Ricin A chains directed to the ER block protein synthesis.
The investigation of ricin toxin transport across the ER membrane has been hampered by the low
number of toxin molecules that reach the ER lumen when added extracellularly (77). Hence, we aimed to
B C create a human cell-based assay to specifically
Control | | : GFP FL-RTAwt study RTA transport across the ER membrane.
150 ] e In line with this objective, we initially confirmed
LT that RTA molecules directed to the ER (76, 17)
in human cells limited protein expression. Full
length wild-type RTA (FL-RTAwr) and wild-type
2 mature RTA equipped with a murine MHC class |
molecule (K®) signal peptide and an HA epitope
tag at its N-terminus (RTAwr) were co-
transfected with a GFP expression plasmid in
Lk B g ] | IR I 1 HEK-293T cells and evaluated for GFP
e - : D fluorescence using flow cytometry (Figure 1A-D).

+ 200

200] : RTAwT ] RTA, | | | RTAgi7m

100+

3 | The lack of GFP fluorescent cells is indicative of
T‘g 0%, functionally active RTA molecules. FL-RTAwr
g ol 82 % - 1) , 69, and RTAwr limited the expression of GFP in a
2 100 101 102 103 100 10" 102 103 100 10 102 103 gjgnificant percentage of cells (Figure 1C and D,

GFP fluorescence y 2% and 15%, respectively) when compared to cells

Figure 1. RTA inhibits protein expression in human cells. HEK-293T cells transfected with | transfected with GFP
empty plasmid (Control, A) or a GFP-expressing plasmid (B) with full length wild type RTA | glone (Figure 1B,
(FL-RTAwt) (C), RTAwT (D), RTA,4 (E), and RTAg77p (F) were analyzed for GFP expression 85%). These data
using flow cytometry. The values in the quadrants represent percentage of total cells. suggest that ER
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directed RTA molecules are dislocated across the ER and to the cytosol where they inhibit protein synthesis.

Ricin A chain expression in human cells

Due to the toxic nature of wild type RTA, we cloned ricin A chain mutants (RTAg77p0 and RTA,,

Q Experimental Procedures) that are enzymatically
A & > attenuated to study A chain dislocation (78, 19). RTAg1770
Cells A0 /\(bqi\“ ,\o_,é‘ is a site-diregtgd mutant. with attenuated gctivity that is
RS SP R structurally similar to wild type (20), while RTA, has
deletion of residues 177-181. These constructs like RTAwT
EndoH -+ - F - RTA were also engineered with the N-terminal K® signal
- P “{+)CHO peptide and HA epitope tag. An initial experiment was
s -~y .
35kDa— S S RTA performed to determine whether RTAg77p and RTA,
lane 1 2 3 4 5 ()CHO inhibit protein synthesis. GFP positive cells were
Immunoprecipitation: anti-HA examined in HEK-293T cells cq-transfectgd w_ith RTAg1770
Immunoblot: anti-HA and RTA, and a GFP expression plasmid (Figure 1E-F).
The RTA mutants, RTAg177p and RTA, had a diminished
B ability to affect GFP expression (Figure 1E-F) with
RTAg77p retaining some capacity to inhibit GFP
Cells U373rmaeirmo U373kmas expression. These data demonstrate that ricin A chain
Chase 15 39 g0 0 15 30 60 mutants have
(min) Figure 2. RTA polypeptides are | limited capacity to
35kD=- S O o o -RTA unstable ER proteins. (A) U373, | prevent  protein
lane 1 2 3 4 5 6 7 8 U373rtae1770, and U373gra, cell | expression.
Pulse: 15 min lysates were incubated with anti-HA In order to
| ' itation: anti-HA antibodies. The recovered | study RTA
mmunaopreciprtation: anti precipitates  were subjected 1o | isiocation. human
endoglycosidase H  (Endo  H) | j373 ceils that
C digestion and analyzed by stabl express
100 immunoblot analysis. (B) U373gra- RTAy 4 RTA
e1770 and U373gta, cells were pulsed E177D an A
X 75 with **S-methionine for 15 min and | (Experimental
~ = RTAg1770 chased for up to 60 min. The | Procedures)
;QE__‘) 50- =+ RTA, recovered RTA polypeptides were | (Figure 2) were
o resolved by SDS-PAGE and | created. Our initial
2‘ 25 detected by autoradiography. (C) | experiment
- LeveI.S. of RTA polypeptides were | examined the
0 0 1 30 60 gchl)atltrglc]chZi a z)ércgrﬁgzléogithrg 0 iwnl(rjm acquisition of an N-
5 .
Chase (min) chase  point  (100%).  RTA “F{‘#Xd g'y::g ;Tnz\o
polypeptides and molecular weight E177D ‘A
markers are indicated. to  confirm  their
localization to the

ER. RTAE177D and
RTA, molecules recovered from these cells were subjected to Endo H treatment followed by immunoblot
analysis (Figure 2A). Endo H preferentially cleaves immature high mannose containing N-linked
oligosaccharides characteristic of ER-resident molecules (27). RTAgi77p and RTA, polypeptides with the
predicted molecular weight were recovered from cell lysates (Figure 2A, lanes 3 and 5). As expected, faster
migrating RTA polypeptides were observed upon treatment with Endo H (Figure 2A, lanes 2, 4, and 6). The
difference in the relative molecular weight of the two species (~3-4 kDa) confirmed that the RTA polypeptides
acquired a single N-linked glycan and were retained in the ER. These data demonstrate that this human cell-
based assay can be utilized to study ricin dislocation.

Ricin A chains are subjected to proteasome degradation.
We next investigated the stability of the RTA polypeptides in U373grtae1770 and U373gra, cells by pulse-
chase analysis (Figure 2B and C). The cells were metabolically labeled with **S-methionine for 15 min and
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chased up to 60 min. Strikingly, the half-life of RTAg770 (<10 min) was less than RTA, (~ 20 min) (Figure 2B,
lanes 1-8 and 2C). Given that ricin utilizes ER quality control to gain access to the cytosol (3, 22), it is expected
that a population of ricin would be degraded. However, the rapid half-

A U373ga, cells life of RTAg177p expressed in human cells when compared to yeast (17,
ZL3VS - +
T 1 ) Figure 3. RTA polypeptides are stabilized in the presence of proteasome
Chase o 2040 0 2040 inhibitor. U373grta, (A) and U373grrae1770 (B) cells treated with or without
(min) proteasome inhibitor (ZL;VS) were pulsed with *S-methionine for 15 min
R .~ RTA and chased for up to 40 min. RTA polypeptides were recovered with an
35kDa— L gy (*)CHO | anti-HA antibody, resolved by SDS-PAGE, and detected by
autoradiography. RTA polypeptides and molecular weight markers are
Lane 1 2 3 4 5 6 indicated. * Indicates faster migratory species.
Pulse: 15 min
Immunoprecipitation: anti-HA 22) and plant cells (23, 24) suggests that RTA is efficiently transported
out of the ER in human cells.
B Are RTA polypeptides targeted for proteasome dependent
U373gra-e1770 Cells degradation? To address this question, U373grae1770 and U373gra,
ZL3Vs B + cells treated with or without proteasome inhibitor carboxybenzyl-leucyl-
. X | leucyl-leucyl vinyl sulfone (ZL3VS) (25 uM, 1 hr) were subjected to
Chase 0 2040 0 2040 pulse-chase analysis (Figure 3). As expected, RTA polypeptides
(min) RTA decreased over the chase period (Figure 3A and B, lanes 1-3).
35kDa— T ot T+)cHo  Strikingly, the inclusion of proteasome inhibitor stabilized both RTAg+77p
* and RTA, molecules (Figure 3A and B, lanes 4-6). In addition,
lane 1 2 3 4 5 6 proteasome inhibition enabled the recovery of a faster migrating
Pulse: 15 min polypeptide intermediate (*) during the chase, most likely

Immunoprecipitation: anti-HA deglycosylated RTA species (Figure 3A and B, * lanes 4-6).
Collectively, the data demonstrate that ricin A chains are eventually
degraded in a proteasome dependent manner.

Characterization of RTAg477p and RTA, intermediates.

We next optimized conditions to observe the faster migrating RTA species. Total cell lysates from
U373rtae1770 and U373grra, Cells treated with proteasome inhibitor ZL;VS (10 uM) for up to 5 hours were
subjected to immunoblot analysis (Figure 4A). Strikingly, RTAg477p proteins were almost completely converted
to the faster migrating species after 2 hrs of ZL;VS treatment (Figure 4A, lanes 9-12). In contrast, RTA,
molecules displayed a biphasic conversion in which an increase in glycosylated RTA, was observed during the
early times of proteasome inhibition (Figure 4A, lanes 2-3) followed by an accumulation of glycosylated and
faster migrating species during later times of ZL;VS treatment (Figure 4A, lanes 4-6). Interesting, the ratio of
glycosylated (RTA(+)CHO) to faster migrating species following proteasome treatment significantly varied
between the RTA mutants (Figure 4A, lanes 1-6 and 7-12, respectively). These results suggest that RTAg 770
and RTA, are likely processed differently due to the folding status of the polypeptide.

To address the N-linked glycosylation status of the RTA, and RTAg77p intermediates, we examined
their sensitivity to in vitro glycosidase treatment (Figure 4B). RTA polypeptides recovered from U373grraE177D
and U373gra, cells treated with proteasome inhibitor (2.5 uM, 10 hours) were undigested or digested with
EndoH (EH) or peptide N-glycanase (PNGase or PN) followed by immunoblot analysis (Figure 4B). U373 cells
were used as a negative control. As expected, two species of RTA polypeptides were observed exclusively
from proteasome-inhibitor treated cells (Figure 4B, lanes 10 and 16). Moreover, only the slower migrating
glycosylated species were sensitive to EndoH and PNGase digestion resulting in the faster migrating form of
the RTA-reactive polypeptides (Figure 4B, lanes 11-12 and 17-18). Calnexin levels demonstrated equivalent
protein loading (Figure 4B, lanes 19-36). These data suggest that the faster migrating RTA species are
deglycosylated intermediates generated from the dislocation of ricin polypeptides.




A Cells U373rTan U373grae1770
ZLzvsS 0 1 2 3 4 5 0 1 2 3 4 5
(hrs) ‘___‘ ———— —RTA (+)CHO
35KDa— o § e

Lane 1 2 3 4 5 6 7 8 9 10 11 12
Immunoblot: anti-HA

EEKDs e e . et = D]

Lane 13 14 15 16 17 18 19 20 21 22 23 24
Immunoblot: anti-PDI

Total cell lysates

B
Cells U373 U373rran U373grae1770
ZLvs - + - + - +

Enzyme - EHPN -EHPN -EHPN - EHPN - EHPN - EH PN

- - —_—" RTA
e S0

> RTA
()CHO

34kDa—j

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Immunoblot: anti-HA

M—Calnexin

95kDa—

Lane 19 20 21 22 23 2425 26 27 28 29 30 31 32 33 34 35 36
Immunoblot: anti-calnexin

Total cell lysates

C Cells U373grae1770
E .
nzyme PN EH basic
* ‘—“ 1D-IEF
- acidic

Lane 1 2
Immunoprecitation: anti-HA
Immunoblot: anti-HA

In order to confirm that the
N-terminal epitope tag does not
affect the processing of the RTA
polypeptides, we examined the
accumulation of untagged RTA
mutants upon proteasome inhibition
(Supporting Data Figure 1). Cell
lysates from proteasome inhibitor
treated U373, U373RTA-E177D;
U373kortas, and  U373kprra-177D
cells were subjected to immunoblot

analysis. Two species of RTA
molecules, glycosylated and
deglycosylated, accumulated in

proteasome inhibitor treated cells; a
result demonstrating that the
stability of both forms of RTA is
independent of the N-terminus
epitope tag.

To confirm that the faster
migrating RTA species were indeed
digested by cellular PNGase, the
RTA polypeptides were resolved on
a 1D-IEF gel. PNGase cleavage
results in the conversion of
asparagine to aspartic acid causing
a more acidic species, thus
changing the overall charge of the
polypeptide (25). RTA polypeptides
recovered from U373grae1770 cells
treated with proteasome inhibitor
(2.5 uM, 10 hours) were untreated
or treated with EndoH or PNGase,
resolved on a 1D-IEF gel and
subjected to immunoblot analysis
(Figure 4C). RTAg1770 polypeptides

markers are indicated. *Indicates faster miaratorv species.

Figure 4. RTA molecules accumulate as deglycosylated intermediates. (A) U373rta, and
U373rTae1770 Cells treated with ZL3VS for up to 5 hrs were subjected to immunoblot analysis
for RTA (lanes 1-12) and PDI (lanes 13-24). (B) Total cell lysates from U373, U373gra-e177D,
and U373rta, cells untreated or treated with proteasome inhibitor were subjected to
endoglycosidase H (EH), or peptide N-glycanase (PN). Immunoblot analysis was performed
for RTA (lanes 1-18) and calnexin (lanes 19-36) proteins. (C) RTA polypeptides recovered
from U373rraei77p0 cells treated with ZL;VS were subjected to PN or EH treatment.
Subsequently, the samples were resolved by one-dimensional isoelectric focusing (1D-1EF)
and subjected to immunoblot analysis. The respective polypeptides and molecular weight

from ZL;VS-treated
cells migrated as
two discrete bands

likely
corresponding to
species with
different  charges
(Figure 4C, lane 1,
* and **)).
Strikingly, in vitro

PNGase digestion of RTAg177p polypeptides caused the polypeptides to migrate at a similar position as the
more acidic RTA molecules (Figure 4C, lane 2, **), while EndoH treatment did not alter the migration pattern of
the RTAg770 polypeptides (Figure 4C, lane 3). The same result was observed for RTA,?. These results
demonstrate that RTA polypeptides are subjected to cellular deglycosylation during dislocation.



Ricin A chains utilize ER membrane factors for efficient dislocation.
To characterize the membrane topology of stabilized RTA polypeptides, we performed a subcellular
fractionation protocol (26). Membrane microsomes from U373graei770 and U373grra, cells treated with

U373 proteasome inhibitor (2.5 uM, 10 hrs) were
cells ?\»(Psb ?:\Pse“ ?:(P» ?:\P«o\?svsb?sp\ \‘1 incubated with 4.5M urea and subjected to high-

speed centrifugation (100,000g) to separate the
Urea + -+ -+ -+ membrane fraction from the supernatant fraction.

e | —RTA(+)cHo  The 100,000g supernatant, 100,000g pellet, and

I5kDa ———— - =—RTA )CHO  total cell lysates were subjected to immunoblot
lane 1 2 3 4 5 6 7 8 9 10 analysis for RTA mutants (Figure 5, lanes 1-10)
Immunoblot: anti-HA and p97 (Figure 5, lanes 11-20). The p97
polypeptide is a soluble cytosolic protein that

100kDa— S— S—— e ] /4 . .
associates with the ER membrane (27) and as
Lane 11 12 13 14 15 16 17 18 19 20 expected, was completely extracted from the
Immunoblot: anti-p97 bilayer upon treatment with urea (Figure 5, lanes
100,000g 100,000g Total cell 12 and 14). As expected, some of the stapilized
pellet supernatant  lysates RTAg1770 and RTA, molecules were found in the

100,000g supernatant (Figure 5,

Figure 5. RTA dislocation utilizes membrane components. Microsomal lanes 6 and 8), Strikingly, a

preparation from subcellular homogenates of U373rta, and U373rrae177p cells . .
were treated with or without 4.5 M urea and centrifuged at 100,000g. Total cell significant population of
lysates, 100,000g pellets, and the 100,000g supernatant were subjected to RTAg1770 gnd RTA, was
immunoblot analysis against RTA (lanes 1-10) and p97 (lanes 11-20). The | observed with the membrane
respective polypeptides and molecular weight markers are indicated. fraction (Figure 5, lanes 2 and
4) demonstrating that these

RTA molecules are integrated into the bilayer. These results imply that ricin A chains are efficiently dislocated
via membrane-integrated intermediates.

Ricin A chains are dislocated utilizing selective components of ER quality control.

To validate that RTA polypeptides were dislocated utilizing the ER quality control machinery, we
examined the effect of a dislocation inhibitor, eeyarestatin | (28), on the stability of ricin A chains. U373grta-e177D
and U373gra, cells treated with or without eeyarestatin (5mg/mL) or the proteasome inhibitor ZL;VS (2.5 uM)
were subjected to immunoblot analysis (Figure 6A). PDI levels assured equivalent protein loading (Figure 6A,
lanes 9-16). As expected, treatment with ZL;VS caused a significant increase in both RTA, and RTAg77p
polypeptides (Figure 6A, lanes 5-8) with a difference between the levels of glycosylated (RTA(+)CHO) and
deglycosylated (RTA(-)CHO) molecules. Interestingly, mostly glycosylated RTA, and RTAg477p polypeptides
accumulated from cells treated with eeyarestatin | (Figure 6A, lanes 2 and 4). However, since eeyarestatin |
attenuates the process of dislocation and not proteasome function (28), it was interesting that deglycosylated
forms of the ricin A chain were observed (Figure 6A, lanes 2 and 4). Therefore, ricin A chain dislocation
probably occurs using a distinct mechanism compared to ERAD substrates.

To further explore the involvement of dislocation-associated cellular proteins in the transport of ricin
toxin across the ER membrane, we investigated the role of SEL1L and Derlin-1 in the dislocation of RTAg477p
and RTA, polypeptides. SEL1L functions as part of the mammalian Hrd1 ligase complex and is proposed to be
involved in the recognition of ER degradation substrates (29, 30). Derlin-1 plays a role in the extraction of
certain misfolded ER proteins and a dominant negative form, Derlin-1-gfp can impede substrate dislocation
(37-33). U373rrae1770 @nd U373rra, transduced with Derlin1-gfp and shRNA against SEL1L were untreated or
treated with ZL;VS (2.5 uM, 10 hrs) and subjected to immunoblot analysis (Figure 6B). The expression of the
constructs was confirmed using anti-SEL1L (Figure 6B, lanes 13-24) and anti-GFP (Figure 6B, lanes 25-36)
immunoblots. Derlin1-gfp expression did not alter the levels of RTA polypeptides regardless of proteasome
inhibition (Figure 6B, lanes 1-2, 4-5, 7-8, and 10-11). These results are consistent with published findings
implicating that ricin toxin transport across the ER membrane is Derlin-1 independent (70). On the other hand,
silencing of SEL1L resulted in a substantial increase of RTA polypeptides in both the presence and absence of
proteasome inhibition (Figure 6B, lanes 3, 6, 9, 12). Anti-GAPDH immunoblot indicates equal protein loading
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35kD
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Immunoblot: antl-GAPDH

Total cell lysates

Figure 6. RTA is dislocated utilizing
selective ER proteins. (A) U373gras
and U373gtae177p Cells untreated or
treated with eeyarestatin | and ZL3VS
were subjected to immunoblot analysis
for RTA (lanes 1-8) and PDI (lanes 9-
16) polypeptides. (B) Total cell lysates
from U373RTAA and U373RTA-E177D cells
knocked-down for SEL1L or over-
expressing derlin-1-gfp, untreated or
treated with proteasome inhibitor, were
subjected to immunoblot analysis for
RTA (lanes 1-12), SEL1L (lanes 13-
24), GFP (lanes 25-36), and GAPDH
(lanes  37-48). The  respective
polypeptides and molecular weight
markers are indicated.

(Figure 6B, lanes 37-48). These
results imply that ricin can utilize
specific components of ER quality
control machinery to be dislocated
across the ER membrane.

Generation of ricin A chain chimeras.

We plan to utilize the
instability of ricin A chain as the basis
for a high-throughput screening to
identify compounds that block ricin
transport to the cytosol, thus
stabilizing the ricin protein. We have
been generating numerous ricin
chimeras to be utilized in a cell-
based high throughput screen. The
chimeras include the hemagglutinin
(HA) epitope tag or green
fluorescence protein (GFP) and the
ricin A chain. These molecules will be
transduced into cells and the cells
that provide the highest signal to

background values will be utilized in the proposed high-throughput screen. Figure 7 demonstrates the
constructs that have been created and which constructs have been stably introduced into cells. We expect that
cells that express the GFP chimeras would likely be the most robust and efficient system to perform a high-

DNA throughput screen.
Construct  Cells
HA RTA Optimization of high-content screen.
HA-RTA I + Human U373 cell line that express catalytically
attenuated ricin A chains fused to green fluorescence
- “ . + bprotein (GFP) (RTA-GFP) were generated. Preliminary

data using immunoblot analysis
demonstrated that protein levels
of RTA-GFP were unstable and
were stabilized by the inclusion of

Figure 7. Ricin chimeras. Ricin toxin A chain (RTA) that contain either an amino-
or carboxy-terminal hemagglutinin (HA) epitope tag or green fluorescence protein
(GFP) chimeras will be utilized in a high-throughput screen. The constructs that
been generated or transduced in cells are designated with a (+) sign.
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proteasome inhibitor. We proceeded to establish conditions for a high-content screen using proteasome
inhibition to observe an increase in GFP fluorescent signal upon the stabilization of RTA-GFP. The quality of
the assay for screening will be expressed in terms of the statistical parameter, Z' (Z'=1-[3sc+ + 3sc.)/[Mc+ - Mc.
1). Where sc. + 3sc. are the standard deviations of the positive and negative control data sets and the mc. - mc.
are the mean values of the positive and negative controls. The Z' value can predict assay fitness as excellent
(Z'=1), good (Z'=0.7-0.9), or adequate (Z'=0.5-0.7). Only after the highest Z' score that is greater than 0.5 is
achieved would the specific cell lines and conditions be utilized in a high content screen.

(-) ZL,VS (+) ZL,VS In our initial experiment,
U373RTA-GFP (C| 3) and U373RTA-GFP
(cl. 4) cells were untreated or
treated with 2.5 uM proteasome-

U373 specific inhibitor carboxybenzyl-
RTA-GFP leucyl-leucyl-leucine vinyl sulfone
(cl. 3) (ZL3VS) for 14 hours. The cells
were fixed with 4%
paraformaldehyde, incubated with
Hoechst stain (25 mg/ml) and
subjected to fluorescent microscopy
U373 using the Molecular Devices
RTA-GFP ImageXpress Ultra (IXU) plate-
(cl. 4) scanning confocal  microscope

designed for high-throughput
analysis (Figure 8, unpublished
data). The data
Figure 8. Visualization of stabilized RTA-GFP upon proteasome inhibition. U373gra. | demonstrates that the
arp (cl. 3) (Panels A-C) and U373gracrp (cl. 4) (Panels D-F) cells untreated (Panels | addition of ZL;VS caused an
A and D) or treated (Panels B, C, E, and F) with ZLsVS were subjected to | increase in GFP signal
fluorescence microscopy. The nucleus (red) are visualized by the Hoechst stain. | |ystered in a perinuclear
Stabilized RTA-GFP (green) molecules are localized to the perinuclear region. region in both RTA-GFP

expressing cells (Figure 8,
panels B, C, E, and F) compared to untreated cells (Figure 8, panels A and D). We observed a consistent
increase in GFP clustering for U373gra.crp Cells (cl. 4). We further determined that 4,000 cells/well in a 384 well
plate and ZL;VS treatment (2.5 uM) between 12-14 hours caused for the largest GFP fluorescent signal over
background. The clustering of GFP signal allowed for the quantification of the RTA-GFP molecule into a
granularity intensity and these values were used to calculate a Z' score of 0.72. Given the great Z’ score, we
plan to proceed with screening chemical libraries using U373rtacrp (Cl. 4) for compounds that stabilize RTA-
GFP.

The facilities at the Experimental Therapeutics Institute (ETI) of MSSM will be used for the initial
screen. The ETI will provide access to >114,000 small molecules, advanced high-throughput technology,
technical expertise, informatics, and medicinal chemistry. The compound library includes S1 (Small Library,
12,480 compounds from Alfa-aesar,Sigma-Aldrich, and Chembridge), L1 (Large Library, 100,000 compounds
from CNS, DiverSet and MicroFormat collections of Chembridge, and FDA library (2,080 compounds). They
have a full-time screening staff who will assist in running the screens, and an informatics group who will assist
in comparing the results of the screen. Potential hits will be evaluated for toxicity and confirmed by secondary
screens. These compounds will then be utilized in cell-based ricin intoxication studies and eventual animal
studies.
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KEY RESEARCH ACCOMPLISHMENTS:
- Generation of ricin A toxin mutants.
- Expression of ricin A chain in human cells.
- Generation of human cells that stably express ricin A chain mutants.
- Discovery that ricin A chain is extracted through the ER membrane with fast kinetics.
- Ricin toxin A chain integrates into the membrane bilayer during the dislocation reaction.
- Ricin toxin A chain selectively utilizes cellular proteins for extraction through the ER membrane.
- Generation of a green fluorescent protein ricin A chain chimera.
- Human cells that stable express the green fluorescent protein ricin A chain chimera.
- Conditions were optimized to utilize the cells that express green fluorescent protein ricin A chain
chimera in a high-content screen for the discovery of ricin inhibitors.

REPORTABLE OUTCOMES:

Manuscript:

Dislocation of ricin toxin a chains in human cells utilizes selective cellular factors. Redmann V, Oresic K,
Tortorella LL, Cook JP, Lord M, Tortorella D., J Biol Chem. 2011 Jun 17;286(24):21231-8.

DNA constructs:
1) FL-RTAwr, full length wild type ricin toxin A chain
2) FL-RTAEg177p, full length ricin toxin A chain with glutamic acid (E) residue 177 changed to aspartic acid

(D)

3) FL-RTA,177.181 (RTA,) full length ricin toxin A chain with a deletion of residues 177-EAARF-181
4) RTAwr, amino terminal murine MHC class | heavy chain H2-K" signal peptide (K®) followed by the
hemagglutinin (HA) epitope tag (AYPYDVPDYA), linker region (15 aa) and ricin A chain residues
5) RTAgi770, Kb-HA-linker-RTA glutamic acid (E) residue 177 changed to aspartic acid (D)
6) RTA,, Kb-HA-linker-RTA with a deletion of residues 177-EAARF-181
7) RTAg1770-GFP, RTAg 77p followed by a green fluorescent protein (GFP)
8) RTA,-GFP, RTA, followed by a green fluorescent protein (GFP)
Cell lines:
1) U373rrae1770
2) U373r7an
3) HEK-293grra-e1770
4) HEK-293grtas
5) U373rraE177D-GFP
6) U373rra-scrp
CONCLUSION:

We have established human cells that express an enzymatic mutant of ricin A chain in the ER lumen to
characterize ricin dislocation. Our data demonstrate that the fast kinetics of ricin A instability will be essential
for creating a robust high-throughput screen. In addition, the established experiments will be used in secondary
assays to validate the potential identified compounds and discover the possible protein targets. In general, we
have been successful in establishing conditions to study ricin toxin transport across the ER membrane and
have validated the human cells to be utilized in a high-throughput screen to discover ricin toxin
transport/dislocation inhibitors.
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Supporting Data Figure 1: RTA mutants
ZL3VS - + - + -+ -+ lacking an N-terminal epitope tag accumulates
as deglycosylated intermediate. U373 cells that
35KDa— RTA (+) CHO stably express K°HA-RTAg17r0 (U373xraciro),
Kb'RTAA (U373 kprTAa), OF Kb'RTAEwm
(U373KbRTAE177D) were treated with or without
: '3 e RTA(-) CHO proteasome inhibitor ZL;VS to examine the
accumulation of RTA polypeptides. The
Lane 1 2 3 ) 4 ,5 6 7 8 accumulation of both glycosylated ((+) CHO)
Immunoblot: anti-RTA and deglycosylated ((-) CHO forms of RTA
6kD molecules in all of the constructs is indicated
5 a‘m—PDI (lanes 4, 6, and 8). The respective
polypeptides and molecular weight markers
Lane 11 12 13 14 15 16 17 18 are indicated.
Immunoblot: anti-PDI

Total cell lysates
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Ricin is a potent A-B toxin that is transported from the cell
surface to the cytosol, where it inactivates ribosomes, leading to
cell death. Ricin enters cells via endocytosis, where only a
minute number of ricin molecules reach the endoplasmic retic-
ulum (ER) lumen. Subsequently, the ricin A chain traverses the
ER bilayer by a process referred to as dislocation or retrograde
translocation to gain access to the cytosol. To study the molec-
ular processes of ricin A chain dislocation, we have established,
for the first time, a human cell system in which enzymatically
attenuated ricin toxin A chains (RTAg;,,pand RTA,,,,_;g;) are
expressed in the cell and directed to the ER. Using this human
cell-based system, we found that ricin A chains underwent a
rapid dislocation event that was quite distinct from the disloca-
tion of a canonical ER soluble misfolded protein, null Hong
Kong variant of «; -antitrypsin. Remarkably, ricin A chain dislo-
cation occurred via a membrane-integrated intermediate and
utilized the ER protein SEL1L for transport across the ER bilayer
to inhibit protein synthesis. The data support a model in which
ricin A chain dislocation occurs via a novel strategy of utilizing
the hydrophobic nature of the ER membrane and selective ER
components to gain access to the cytosol.

Ricin toxin is a toxic polypeptide found in castor beans
(Ricinus communis) (1) comprised of a catalytically active poly-
peptide (A chain or RTA)® covalently linked by a disulfide bond
to a lectin-binding B subunit (B chain). Like most A-B toxins,
the specificity of the B chains for cell surface receptors dictates
cell entry. In the case of ricin toxin, the galactose-specific lectin-
binding domain of the B chain interacts with cell surface glyco-
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lipids and glycoproteins, allowing the toxin to enter the cell via
clathrin-dependent and clathrin-independent endocytosis (2).

Following endocytosis, ricin toxin is transported in a retro-
grade manner through the Golgi and ER and into the cytosol by
a similar manner as Shiga toxin, cholera toxin, Pseudomonas
exotoxin A, and pertussis toxin (3). These toxins are proposed
to utilize protein kinases during the endocytosis step (4). In
contrast, other A-B toxins such as diphtheria toxin and anthrax
toxin enter the cytoplasm following a low pH-induced translo-
cation event directly from endocytic vesicles (3).

The retrograde trafficking of ER-directed toxins requires
numerous cellular factors to reach the ER lumen (4). Both ricin
and Shiga toxin are dependent on Vps34, a PI3K, and members
of the sorting nexin family of proteins. In the case of ricin toxin,
it is independent of Rab-9 and Rab-11 (5) and dependent on
dynamin (6) and cellular cholesterol levels (7). A recent high-
throughput screen identified small molecule inhibitors that
demonstrate the ability to protect cells from ricin toxicity by
targeting endosome-to-Golgi retrieval factors, specifically syn-
taxins 5 and 6 (8).

Despite the lack of a KDEL sequence, the heterodimer is
transported from the Golgi apparatus to the ER lumen. While in
the ER, the ricin A chain disassociates from the ricin toxin B
chain and is transported across the membrane by a process
referred to as dislocation or retrograde translocation (9). Once
in the cytosol, the A chain acts as an N-glycosidase, which inac-
tivates the ribosome and eventually causes cell death. However,
ricin-induced cell death may also be due to inhibition of pro-
cesses other than translation shutdown (10).

Ricin takes advantage of the ER quality control machinery, a
cell system that normally scrutinizes nascent polypeptides and
disposes of misfolded proteins by proteasome destruction (11).
The ER chaperones PDI and calreticulin are proposed to play a
role in ricin transport across the ER membrane (12, 13). In
addition, EDEM1 (ER degradation-enhancing a-mannosidase
I-like protein 1), which is involved in the degradation of mis-
folded ER proteins (14), also participates in ricin dislocation
(15). Recently, ricin studies in yeast cells demonstrated that
Hrd1lp (HMG-CoA reductase degradation-1 protein) is impli-
cated in ricin dislocation (16). The toxin is proposed to be
extracted through the ER membrane via the Sec61 translocon
(17), but a recent study suggests that the Hrd1p complex may
act as the dislocon (18). Once dislocated, the Hsc70 cytosolic
chaperone machinery protects the ricin A chain from Hsp90-
assisted cytosolic degradation (19). The mechanism of ricin
dislocation in human cells has not been well defined despite the

JOURNAL OF BIOLOGICAL CHEMISTRY 21231

LLOZ ‘91 8unp uo ‘uIdIpaly JO [00YDS IeulS JUNO 1e BI0-ogl:mmm Wol) papeojumoq


http://www.jbc.org/cgi/content/full/M111.234708/DC1
http://www.jbc.org/

Ricin Toxin Retrograde Transport in Human Cells

identification of cellular factors that ricin utilizes for
dislocation.

The potency of ricin to inactivate 2000 ribosomes/min pre-
cludes the need for a large number of molecules to reach the
cytoplasm (20, 21). To characterize one of the rate-limiting
steps of ricin entry, dislocation, a human cell system has been
created, for the first time, that expresses an enzymatic mutant
of the ricin A chain in the ER. Using this model system, ricin A
chain dislocation occurs in a unique manner, utilizing the ER
membrane itself as well as ER proteins.

EXPERIMENTAL PROCEDURES

Cell Lines and Antibodies—Human U373-MG astrocytoma-
expressing RTA polypeptides (U373 14 and U373 pra g1770)
were generated and maintained as described (22). Anti-ricin
toxin, anti-GAPDH, anti-«a,-antitrypsin, anti-SEL1L (suppres-
sor of lin-12-like), anti-y-tubulin, anti-GFP, and anti-p97 anti-
bodies were purchased from Biodesign International, Millipore
Corp., Chemicon International Inc., Sigma, Santa Cruz Bio-
technology, and Abcam, respectively. Anti-HA (12CA5) anti-
bodies were purified from hybridoma cells (23). The anti-cal-
nexin monoclonal antibody (AF8) and anti-PDI antibody were
gifts from Dr. Brenner (Harvard Medical School, Boston, MA)
and Dr. Ploegh (Whitehead Institute, Cambridge, MA),
respectively.

¢DNA Constructs—Ricin toxin mutant chimeras RTAg,..p
and RTA ;.. ;5; (RTA,) (24) were generated from PCR frag-
ments (22) using full-length wild-type ricin toxin A chain
(FL-RTA.y 1) cDNA as a template. RTAy, .., represents a site-
directed point mutant in which residue 177 (glutamic acid) was
changed to aspartic acid. The RTA, mutant is a deletion con-
struct lacking residues '"”EAARF'®'. Finally, the chimeras con-
sisted of an N-terminal murine MHC class I heavy chain H2-K"
signal peptide (K”) followed by the HA epitope tag (AYPYDVP-
DYA), linker region (15 amino acids), and RTAy,1, RTAg;--p,
or RTA,. The Derlin-1-GFP construct was generated as a chi-
mera by fusing the Derlin-1 cDNA to enhanced GFP ¢cDNA.
The shRNA construct against SEL1L was a kind gift from Dr.
Ploegh. SEL1L knockdown in HeLa cells was performed using
shRNAs from Santa Cruz Biotechnology.

Cell Lysis, Immunoprecipitation, SDS-PAGE, and Endoglyco-
sidase H and Peptide N-Glycanase Assays—Briefly, cells (1 X
10°) were lysed in 0.5% Nonidet P-40 lysis mixture, followed by
incubation with the respective antibody and protein A-agarose
beads (22). The immunoprecipitates were subjected to immu-
noblot analysis using the respective immunoglobulin. Endogly-
cosidase H and peptide N-glycanase (New England Biolabs)
assays were performed at 37°C for 1.5 h (100 units of
enzyme/reaction).

Pulse-Chase Analysis—Briefly, cells were labeled with
[>*S]methionine (PerkinElmer Life Sciences) and chased in
unlabeled methionine (25 mm) (22). RTA proteins were recov-
ered from Nonidet P-40 cell lysates using anti-HA antibodies
and resolved by SDS-PAGE (12.5%). The polyacrylamide gels
were dried and exposed to autoradiography film. The polypep-
tide levels were quantified by densitometry analysis using an
Alphalmager 3400 system (Alpha Innotech).

21232 JOURNAL OF BIOLOGICAL CHEMISTRY

Subcellular Fractionation—RTA-expressing cells were
mechanically homogenized using a 12-um ball-bearing
homogenizer (12 passes; Isobiotec, Heidelberg, Germany) in
homogenization buffer (100 mm Tris, 150 mm NaCl, 250 mm
sucrose, 1.5 ug/ml aprotinin, 1 uMm leupeptin, and 200 uMm phen-
ylmethylsulfonyl fluoride) (25). Unbroken cells and other
debris were pelleted at 15,000 X g for 10 min at 4 °C, and the
supernatants were untreated or treated with 4.5 M urea (final
concentration) for 10 min at 4 °C. Supernatants were centri-
fuged at 100,000 X g for 1 h at 4 °C. 100,000 X g supernatants
and pellets were resolved by SDS-PAGE (12.5%).

Isoelectric Focusing—The RTA precipitates were incubated
with isoelectric focusing sample buffer (57% (w/v) urea, 2%
(v/v) Nonidet P-40, 0.02% ampholytes (pH 3.5-10; Amersham
Biosciences), and 0.025% 2-mercaptoethanol) and resolved on a
17-cm one-dimensional isoelectric focusing gel (57% (w/v)
urea, 2% (v/v) Nonidet P-40, 15.5% acrylamide (30:1.6 acrylam-
ide/bisacrylamide), 4% ampholytes (pH 5-7), 1% ampholytes
(pH 3.5-10), and 0.4% ampholytes (pH 7-9)) for 14 h. After
electrophoresis, the gel was soaked in 50% methanol, 1% (w/v)
SDS, and 5 mm Tris-Cl (pH 8.0) for 2 h and subjected to immu-
noblot analysis (25).

Ricin Activity Assays—HEK-293T cells were cotransfected
with RTA constructs and a GFP expression plasmid (pCAGGS-
GFP) using Lipofectamine 2000 (Invitrogen). Thirty hours
post-transfection, GFP-positive cells were examined using a
Beckman Coulter Cytomics FC 500 flow cytometer, and the
data were analyzed using FlowJo software. HeLa cell lines
seeded in 96-well plates at 2 X 10* cells/well were incubated
with doubling dilutions of ricin in quadruplicate for various
times. The cells were incubated with 3*S-Pro-mix (PerkinElmer
Life Sciences). The amount of radioactivity incorporated into
TCA-precipitable proteins was measured by scintillation
counting in a MicroBeta TriLux 1450 counter, and IC,, values
(representing the concentration of toxin reducing protein syn-
thesis by 50% relative to untreated control cells) were recorded.

RESULTS

Ricin A Chains Directed to the ER Block Protein Synthesis—
The investigation of ricin toxin transport across the ER mem-
brane has been hampered by the low number of toxin molecules
that reach the ER lumen when added extracellularly (17).
Hence, we aimed to create a human cell-based assay to specifi-
cally study RTA transport across the ER membrane. In line with
this objective, we initially confirmed that RTA molecules
directed to the ER (10, 26) in human cells limited protein
expression. FL-RTA,+ and wild-type mature RTA equipped
with a murine MHC class I molecule (K”) signal peptide and an
HA epitope tag at its N terminus (RTAy,) were cotransfected
with a GFP expression plasmid in HEK-293T cells and evalu-
ated for GFP fluorescence using flow cytometry (Fig. 1, A-D).
The lack of GFP fluorescent cells is indicative of functionally
active RTA molecules. FL-RTA,1 and RTA,+ limited the
expression of GFP in a significant percentage of cells (2 and
15%, respectively) (Fig. 1, C and D) compared with cells trans-
fected with GFP alone (85%) (Fig. 1B). These data suggest that
ER-directed RTA molecules are dislocated across the ER and to
the cytosol, where they inhibit protein synthesis.
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FIGURE 1. RTA inhibits protein expression in human cells. HEK-293T cells
transfected with an empty plasmid (Control; A) or a GFP-expressing plasmid
(B) with FL-RTA (O), RTA\ (D), RTA, (E), and RTAg,,,p (F) were analyzed for
GFP expression using flow cytometry. The values in the quadrants represent
percentage of total cells.

Ricin A Chain Expression in Human Cells—Because of the
toxic nature of wild-type RTA, we cloned ricin A chain mutants
(RTAg,,,, and RTA,; see “Experimental Procedures”) that are
enzymatically attenuated to study A chain dislocation (27, 28).
RTAL,,,pis asite-directed mutant with attenuated activity that
is structurally similar to wild-type RTA (29), whereas RTA , has
deletion of residues 177-181. Like RT A, these constructs
were also engineered with the N-terminal K" signal peptide and
HA epitope tag. An initial experiment was performed to deter-
mine whether RTAy;.,, and RTA, inhibit protein synthesis.
GFP-positive cells were examined in HEK-293T cells cotrans-
fected with RTAL;-,, and RTA, and a GFP expression plasmid
(Fig. 1, Eand F). The RT A, and RTA , mutants had a dimin-
ished ability to affect GFP expression (Fig. 1, E and F), with
RTA¢, ., retaining some capacity to inhibit GFP expression.
These data demonstrate that ricin A chain mutants have a lim-
ited capacity to prevent protein expression.

To study RTA dislocation, human U373 cells that stably
express RT A, and RTA, (see “Experimental Procedures”)
(Fig. 2) were created. Our initial experiment examined the
acquisition of an N-linked glycan onto RTAg, .., and RTA, to
confirm their localization to the ER. RTA,,, and RTA, mol-
ecules recovered from these cells were subjected to endoglyco-
sidase H (Endo H) treatment, followed by immunoblot analysis
(Fig. 24). Endo H preferentially cleaves high mannose-contain-
ing N-linked oligosaccharides characteristic of ER-resident
molecules (30). RTAg, ., and RT A, polypeptides with the pre-
dicted molecular mass were recovered from cell lysates (Fig. 24,
lanes 3 and 5). As expected, faster migrating RTA polypeptides
were observed upon treatment with Endo H (Fig. 24, lanes 4
and 6). The difference in the relative molecular mass of the two
species (~3-4 kDa) confirmed that the RTA polypeptides
acquired a single N-linked glycan and were retained in the ER.
These data demonstrate that this human cell-based assay can be
utilized to study ricin dislocation.

Ricin A Chains Are Subjected to Proteasome Degradation—
We next investigated the stability of the RTA polypeptides in
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FIGURE 2. RTA polypeptides are unstable ER proteins. A, U373, U373 £1770/
and U373ga4 cell lysates were incubated with anti-HA antibodies. The recov-
ered precipitates were subjected to Endo H digestion and analyzed by immu-
noblot analysis. RTA(+)CHO and RTA(—)CHO, glycosylated and deglycosy-
lated molecules, respectively. B, U373g1ae1770 @and U373gra4 cells were
pulsed with [**S]methionine for 15 min and chased for up to 60 min. The
recovered RTA polypeptides were resolved by SDS-PAGE and detected by
autoradiography. C, the levels of RTA polypeptides were quantified by densi-
tometry and are plotted as a percentage to the 0-min chase point (100%). RTA
polypeptides and molecular mass markers are indicated.

U373grar177p and U373, cells by pulse-chase analysis
(Fig. 2, B and C). The cells were metabolically labeled with
[**S]methionine for 15 min and chased for up to 60 min. Strik-
ingly, the half-life of RTA};,, (<10 min) was less than that of
RTA, (~20 min) (Fig. 2, B, lanes 1-8, and C). Given that ricin
utilizes ER quality control to gain access to the cytosol (9, 16), it
is expected that a population of ricin would be degraded. How-
ever, the rapid half-life of RTA;.., expressed in human cells
compared with yeast cells (16, 26) and plant cells (31, 32) sug-
gests that RTA is efficiently transported out of the ER in human
cells.

Are RTA polypeptides targeted for proteasome-dependent
degradation? To address this question, U373y1s p177p and
U373r1ana cells treated with or without the proteasome inhib-
itor carboxybenzyl-leucyl-leucyl-leucyl vinyl sulfone (ZL,VS;
25 uM, 1 h) were subjected to pulse-chase analysis (Fig. 3). As
expected, RTA polypeptides decreased over the chase period
(Fig. 3, A and B, lanes 1-3). Strikingly, inclusion of the protea-
some inhibitor stabilized both RT A, -, and RTA, molecules
(Fig. 3, A and B, lanes 4 - 6). In addition, proteasome inhibition
enabled the recovery of a faster migrating polypeptide interme-
diate during the chase, most likely deglycosylated RTA species
(Fig. 3, A and B, lanes 4—6, *). Collectively, the data demon-
strate that ricin A chains are eventually degraded in a protea-
some-dependent manner.
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FIGURE 3. RTA polypeptides are stabilized in the presence of the protea-
some inhibitor. U373, (A) and U373¢1ae1770 (B) cells treated with or with-
out the proteasome inhibitor ZL,VS were pulsed with [**SImethionine for 15
min and chased for up to 40 min. RTA polypeptides were recovered with an
anti-HA antibody, resolved by SDS-PAGE, and detected by autoradiography.
RTA polypeptides and molecular mass markers are indicated. The asterisks
indicate faster migrating species. RTA(+)CHO, glycosylated molecules.

Characterization of RTAg, ., and RTA  Intermediates—We
next optimized conditions to observe the faster migrating RTA
species. Total cell lysates from U373z 1A 1770 and U373z ran
cells treated with ZL;VS (10 um) for up to 5 h were subjected to
immunoblot analysis (Fig. 44). Strikingly, RTA;.-, proteins
were almost completely converted to the faster migrating spe-
cies after 2 h of ZL,VS treatment (Fig. 44, lanes 9-12). In con-
trast, RTA , molecules displayed a biphasic conversion in which
an increase in glycosylated RT A , was observed during the early
times of proteasome inhibition (Fig. 44, lanes 2 and 3), followed
by an accumulation of glycosylated and faster migrating species
during later times of ZL;VS treatment (lanes 4 —6). Interesting,
the ratio of glycosylated (RTA(+)CHO) to faster migrating
species following proteasome treatment significantly varied
between the RT A mutants (Fig. 44, lanes 1- 6 and 7—12, respec-
tively). These results suggest that RTAg,,,, and RTA, are
likely processed differently due to the folding status of the
polypeptide.

To address the N-linked glycosylation status of the RTA , and
RTA.,,,p intermediates, we examined their sensitivity to in
vitro glycosidase treatment (Fig. 4B). RT A polypeptides recov-
ered from U373 14 p177p and U373, 144 cells treated with the
proteasome inhibitor (2.5 wm, 10 h) were undigested or
digested with Endo H or peptide N-glycanase (PNGase), fol-
lowed by immunoblot analysis (Fig. 4B). U373 cells were used as
a negative control. As expected, two species of RTA polypep-
tides were observed exclusively from proteasome inhibitor-
treated cells (Fig. 4B, lanes 10 and 16). Moreover, only the
slower migrating glycosylated species were sensitive to Endo H
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and PNGase digestion, resulting in the faster migrating form of
the RTA-reactive polypeptides (Fig. 4B, lanes 11, 12, 17, and
18). Calnexin levels demonstrated equivalent protein loading
(Fig. 4B, lanes 19-36). These data suggest that the faster
migrating RTA species are deglycosylated intermediates gener-
ated from the dislocation of ricin polypeptides.

To confirm that the N-terminal epitope tag does not affect
the processing of the RTA polypeptides, we examined the
accumulation of untagged RTA mutants upon proteasome
inhibition (supplemental Fig. 1). Cell lysates from proteasome
inhibitor-treated U373, U373;1A £17700 U373kprrAn and
U373 rra-E1770 Cells were subjected to immunoblot analysis.
Two species of RTA molecules, glycosylated and deglycosyl-
ated, accumulated in proteasome inhibitor-treated cells, dem-
onstrating that the stability of both forms of RTA is indepen-
dent of the N-terminal epitope tag.

To confirm that the faster migrating RTA species were
indeed digested by cellular PNGase, the RT A polypeptides were
resolved on a one-dimensional isoelectric focusing gel. PNGase
cleavage results in the conversion of asparagine to aspartic acid,
causing a more acidic species, thus changing the overall charge
of the polypeptide (33). RTA polypeptides recovered from
U373r1a k1770 Cells treated with the proteasome inhibitor (2.5
1M, 10 h) were untreated or treated with Endo H or PNGase,
resolved on a one-dimensional isoelectric focusing gel, and sub-
jected to immunoblot analysis (Fig. 4C). RTAg;., polypep-
tides from ZL,VS-treated cells migrated as two discrete bands
likely corresponding to species with different charges (Fig. 4C,
lane 1, * and **). Strikingly, in vitro PNGase digestion of
RTAL,--p polypeptides caused the polypeptides to migrate at a
similar position as the more acidic RT A molecules (Fig. 4C, lane
2, **), whereas Endo H treatment did not alter the migration
pattern of the RTAp;.-, polypeptides (lane 3). The same result
was observed for RTA ,.° These results demonstrate that RTA
polypeptides are subjected to cellular deglycosylation during
dislocation.

Ricin A Chains Utilize ER Membrane Factors for Efficient
Dislocation—To characterize the membrane topology of stabi-
lized RTA polypeptides, we performed a subcellular fraction-
ation protocol (see “Experimental Procedures”). Membrane
microsomes from U373y g17op and U373z a4 cells treated
with the proteasome inhibitor (2.5 um, 10 h) were incubated
with 4.5 M urea and subjected to high-speed centrifugation
(100,000 X g) to separate the membrane fraction from the
supernatant fraction. The 100,000 X g supernatant, 100,000 X g
pellet, and total cell lysates were subjected to immunoblot anal-
ysis for RTA mutants (Fig. 5, lanes 1-10) and p97 (lanes 11-20).
The p97 polypeptide is a soluble cytosolic protein that associ-
ates with the ER membrane (34) and, as expected, was com-
pletely extracted from the bilayer upon treatment with urea
(Fig. 5, lanes 12 and 14). As expected, some of the stabilized
RTAg,-,» and RTA, molecules were found in the 100,000 X g
supernatant (Fig. 5, lanes 6 and 8). Strikingly, a significant pop-
ulation of RTA;.., and RTA, was observed with the mem-
brane fraction (Fig. 5, lanes 2 and 4), demonstrating that these

K. Oresic and D. Tortorella, unpublished data.
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FIGURE 4. RTA molecules accumulate as deglycosylated intermediates. A, U373, and U373¢14.£1770 Cells treated with ZL,VS for up to 5 h were subjected
to immunoblot analysis for RTA (lanes 1-12) and PDI (lanes 13-24).The asterisk indicates the faster migrating polypeptides. B, total cell lysates from U373,
U373gra-e1770r and U373gra, cells untreated or treated with the proteasome inhibitor were subjected to Endo H (EH) or PNGase (PN). Immunoblot analysis was
performed for RTA (lanes 1-18) and calnexin (lanes 19-36) proteins. RTA(+)CHO and RTA(—)CHO, glycosylated and deglycosylated molecules, respectively.
C, RTA polypeptides recovered from U373¢1a.£1770 Cells treated with ZL,VS were subjected to PNGase or Endo H treatment. Subsequently, the samples were
resolved by one-dimensional isoelectric focusing (7D-IEF) and subjected to immunoblot analysis. The respective polypeptides and molecular mass markers are
indicated. The asterisks (* and **) represent RTA molecules with different charges.

RTA molecules are integrated into the bilayer. These results
imply that ricin A chains are efficiently dislocated via mem-
brane-integrated intermediates.

Ricin A Chains Are Dislocated Utilizing Selective Compo-
nents of ER Quality Control—To validate that RTA polypep-
tides were dislocated utilizing the ER quality control machin-
ery, we examined the effect of a dislocation inhibitor,
eeyarestatin I (35), on the stability of ricin A chains.
U373r1a 1770 and U373zraa cells treated with or without
eeyarestatin I (5 ug/ml) or the proteasome inhibitor ZL,VS (2.5
uM) were subjected to immunoblot analysis (Fig. 64). PDI levels
assured equivalent protein loading (Fig. 6A, lanes 9-16). As

JUNE 17,2011 +VOLUME 286-NUMBER 24

expected, treatment with ZL,VS caused a significant increase in
both RTA, and RTA,,, polypeptides (Fig. 64, lanes 5-8),
with a difference between the levels of glycosylated
(RTA(+)CHO) and deglycosylated (RTA(—)CHO) molecules.
Interestingly, mostly glycosylated RTA, and RTAg,,. poly-
peptides accumulated from cells treated with eeyarestatin I
(Fig. 6A, lanes 2 and 4). However, because eeyarestatin I atten-
uates the process of dislocation and not proteasome function
(35), it was interesting that deglycosylated forms of the ricin A
chain were observed (Fig. 64, lanes 2 and 4). Therefore, ricin A
chain dislocation probably occurs using a distinct mechanism
compared with ER-associated degradation substrates.
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FIGURE 5. RTA dislocation utilizes membrane components. Microsomal
preparations from subcellular homogenates of U373z1ax and U373gra£1770
cells were treated with or without 4.5 m urea and centrifuged at 100,000 X g.
Total cell lysates, 100,000 X g pellets, and the 100,000 X g supernatant were
subjected to immunoblot analysis against RTA (lanes 1-10) and p97 (lanes
11-20). The respective polypeptides and molecular mass markers are indi-
cated. RTA(+)CHO and RTA(—)CHO, glycosylated and deglycosylated mole-
cules, respectively.

To further explore the involvement of dislocation-associated
cellular proteins in the transport of ricin toxin across the ER
membrane, we investigated the role of SEL1L and Derlin-1 in
the dislocation of RTAg,-, and RTA, polypeptides. SEL1L
functions as part of the mammalian HRD1 ligase complex and
is proposed to be involved in the recognition of ER degradation
substrates (36, 37). Derlin-1 plays a role in the extraction of
certain misfolded ER proteins, and a dominant-negative form,
Derlin-1-GFP, can impede substrate dislocation (38-40).
U373r1a-r177p and U373 144 cells transduced with Derlin-1-
GFP and shRNA against SEL1L were untreated or treated with
ZL;VS (2.5 uM, 10 h) and subjected to immunoblot analysis
(Fig. 6B). The expression of the constructs was confirmed by
anti-SEL1L (Fig. 6B, lanes 13—-24) and anti-GFP (lanes 25-36)
immunoblotting. Derlin-1-GFP expression did not alter the
levels of RTA polypeptides regardless of proteasome inhibition
(Fig. 6B, lanes 1, 2, 4, 5, 7, 8, 10, and 11). These results are
consistent with published findings implying that ricin toxin
transport across the ER membrane is Derlin-1-independent
(15). On the other hand, silencing of SEL1L resulted in a sub-
stantial increase in RTA polypeptides in both the presence and
absence of proteasome inhibition (Fig. 6B, lanes 3, 6, 9, and 12).
Anti-GAPDH immunoblotting indicated equal protein loading
(Fig. 6B, lanes 37— 48). These results imply that ricin can utilize
specific components of ER quality control machinery to be dis-
located across the ER membrane.

We next examined whether deficiency in SEL1L levels affects
ricin toxicity (Fig. 7). Ricin holotoxin was exogenously admin-
istered to HeLa cells stably expressing shRNA against SEL1L or
a control shRNA (Fig. 7A). A control cell line (C1), a cell line
revealing no SEL1L knockdown (120% of the control; S8), and a
cell line showing 53% knockdown (S24) were utilized in subse-
quent cytotoxicity experiments (Fig. 7A). After inclusion of
ricin holotoxin, the incorporation of radiolabeled amino acids
into nascent polypeptides was measured by scintillation count-
ing. Protection from toxin challenge would be demonstrated if
the IC,, ratio of SEL1L knockdown cells to control cells is >1.
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FIGURE 6. RTA is dislocated utilizing selective ER proteins. A, U373;;,, and
U373g1a-e1770 Cells untreated or treated with eeyarestatin | and ZL,VS were
subjected to immunoblot analysis for RTA (lanes 1-8) and PDI (lanes 9-16)
polypeptides. B, total cell lysates from U373gras and U373gragq770 cells
knocked down for SELTL or overexpressing Derlin-1-GFP, untreated or
treated with proteasome inhibitor (ZL3VS), were subjected to immunoblot
analysis for RTA (lanes 1-12), SEL1L (lanes 13-24), GFP (lanes 25-36), and
GAPDH (lanes 37-48). The respective polypeptides and molecular mass mark-
ers are indicated. RTA(+)CHO and RTA(—)CHO, glycosylated and deglycosy-
lated molecules, respectively.; Der-gfp, Derlin-1-GFP; shSEL1L, SEL1L shRNA.
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The ricin IC,, for S8 cells was equivalent to that for the C1 cell
line (Fig. 7B). In contrast, a significant protection from ricin was
observed in the SEL1L knockdown cell line (S24), ranging from
1.6- to 1.4-fold during the time course of ricin challenge (Fig.
7C). Collectively, the results indicate that ricin requires SEL1L
for the dislocation of its A chain from the ER to the cytosol and
subsequently induces toxicity.

The Ricin A Chain Is Not Dislocated as a Canonical Soluble
Misfolded ER Protein—We compared the degradation interme-
diates of RT A and a canonical soluble ER degradation substrate,
null Hong Kong variant of o;-antitrypsin (a;-AT ycpan) (41,
42). The total cell lysates of U373, U373zra r177n and
U373r7raa cells and U373 cells that stably express the o;-
AT ixenan Variant (U373 at-ricnan) Were untreated or treated
with ZL;VS (2.5 um, 10 h) and subjected to immunoblot anal-
ysis (Fig. 8). PDI levels confirmed equal protein loading (Fig. 8,
lanes 17-24). As expected, both glycosylated and deglycosy-
lated RTAL;.. and RTA, molecules accumulated upon inclu-
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FIGURE 7. SEL1L knockdown protects cells from ricin. Hela cells were
transfected with shRNA targeted against SEL1L and a control shRNA. A, SEL1L
levels from lysates of cells expressing a control shRNA (C1) or shRNAs target-
ing SEL1L (S8 and S24) were analyzed by immunoblot analysis. SEL1L and
y-tubulin were quantified to assess levels of SEL1L knockdown (n = 8). Band
C, the cytotoxicity of ricin against the stable cell lines was measured, and the
mean IC;, values for different times of toxin incubation are plotted (nano-
grams/ml; n = 2). The respective polypeptides and molecular mass markers
are indicated.

sion of the proteasome inhibitor (Fig. 8, lanes 4 and 6). In sharp
contrast, only an increase in glycosylated a;-AT .. Species
was observed in ZL;VS-treated cells (Fig. 8, lane 16). These
results indicate that even though both RTA and a;-AT i
polypeptides represent soluble substrates of dislocation, RTA
extraction across the ER membrane probably occurs in a
directed manner to increase the likelihood of gaining access to
the cytosol.

DISCUSSION

Ricin toxin co-opts the trafficking machinery and ER quality
control to gain access to the cytosol. In this study, we estab-
lished a human cell-based assay to study ricin dislocation by
generating, for the first time, human cells that stably express
enzymatic RTA mutants in the ER (Fig. 2). Using this human
cell-based system, we demonstrated that ricin A chains are rap-
idly extracted from the ER in a directed manner utilizing spe-
cific ER factors to enhance their dislocation efficiency. These
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FIGURE 8. RTA is not degraded as a canonical misfolded ER protein. Total
cell lysates from U373, U373graa, U373grae1770r @aNd U373 1 armknan Cells
treated with ZL,VS were subjected to immunoblot analysis for RTA (lanes
1-8), a1-ATyknun (lanes 9-16), and PDI (lanes 17-24). The respective polypep-
tides and molecular mass markers are indicated. RTA(+)CHO and RTA(—)CHO,
glycosylated and deglycosylated molecules, respectively.

ER factors include the ER membrane itself (Fig. 5) and SEL1L, a
component associated with the degradation of ER proteins
(Figs. 6 and 7). These data support a model in which RTA is
transported out of the ER by a novel strategy of co-opting spe-
cific ER proteins and the ER bilayer to gain access to the cytosol.

Ricin toxin has evolved to selectively utilize cellular proteins
to promote its dislocation across the membrane bilayer. The
toxin likely undergoes a conformational change induced by the
interaction with ER chaperones such as calreticulin and PDI
(12, 13), thus allowing its engagement with specific factors of
the dislocation apparatus, SEL1L (Figs. 6 and 7) and probably
Hrd1p (16); yet this process seems to act independently of Der-
lin-1 (Fig. 6) (15), which is unlike cholera toxin, whose depen-
dence on Derlin-1 for dislocation remains in question (43).
SEL1L is an auxiliary protein for the E3 ubiquitin ligase HRD1
(37), and the dependence of RTA dislocation on SEL1L would
typically suggest that RTA is ubiquitinylated prior to disloca-
tion. Despite the low number of lysines within ricin as observed
for other toxins (44), ubiquitin conjugation to ricin A chains
would be selective for the purposes of dislocation (3, 45). There-
fore, ricin can utilize SEL1L for dislocation, and yet a popula-
tion of the A chains can escape degradation to block protein
synthesis (Fig. 1).

Once targeted for extraction out of the ER, we propose that
ricin A chains utilize the hydrophobic nature of the bilayer to
catalyze their dislocation (Fig. 5). The recovery of membrane-
integrated glycosylated A chains suggests that RTA is inserted
into the bilayer due to a conformational change induced by its
engagement with ER factors. In fact, the association of RTA
molecules with ER microsomes upon an increase in tempera-
ture suggests that extrinsic factors can induce a partial confor-
mational change in ricin A chains (46). The ability of ricin to
insert into the bilayer would afford ricin dislocation to be less
dependent on cellular proteins. Yeast cell studies demonstrate
that wild-type RTA dislocation is independent of the p97-
Npl4p-Ufdlp complex (16). Therefore, membrane integration
of RT A may provide some of the driving force for extraction out
of the ER. Alternatively, ricin A chains may be extracted from
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the ER as a protein/lipid micelle (47). In either case, RTA has
evolved a unique strategy to efficiently cross the ER bilayer.

The ricin A chain contains only two lysines as a possible
strategy to limit ubiquitin-dependent degradation (45). Despite
the low lysine number and the use of the protective nature of
Hsc70, a population of ricin A chains is degraded by the protea-
some (Figs. 2—4) (26). However, there are distinct differences
between ricin A chains and misfolded ER proteins that demon-
strate that ricin co-opts select components of ER quality con-
trol to gain access to the cytosol. A major difference is observed
in the dislocation kinetics of ricin as evaluated by the stability of
glycosylated proteins and the accumulation of deglycosylated
intermediates. This is apparent when compared with the levels
of the canonical soluble misfolded ER-associated degradation
substrate a;-AT 1 in proteasome inhibitor-treated cells
(Fig. 8). Another factor may be the ability of ricin to integrate
into the bilayer. Membrane integration may allow limited expo-
sure to the degradation machinery and permit RTA to escape
destruction for a period of time to inhibit protein synthesis
(Fig. 1). Thus, the ricin has evolved strategies inherent to its
sequence and structure to bypass ER-associated degradation to
reach the cytosol and inhibit protein synthesis.

Our human cell-based ricin dislocation assay is a powerful
system to elucidate the molecular details of how ricin co-opts
ER quality control, bypassing the ubiquitin-proteasome degra-
dation process and gaining access to the cytosol. Our future
objectives will be focused on delineating the components of the
ER that ricin toxin co-opts to gain access to the cytosol.
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